Rice straw stem was treated with subcritical water, ethanol, or a mixture at 170℃ to 230℃. The yield, total carbohydrate content, UV-Vis absorption spectra, phenolic content, radical scavenging activity, and HPLC analysis of the extracts were determined. Higher stem extract yield and total carbohydrate content were achieved when the stem was treated using a subcritical ethanol/water mixture with high ethanol content and at the higher temperature. A maximum yield and total carbohydrate content of 0.387 ± 0.004 g/g-stem and 0.219 ± 0.021 g/g-stem, respectively, were achieved when the stem was treated with 50% (v/ v) ethanol at 230℃. The extract obtained using 75% (v/v) ethanol at 230℃ had the highest total phenolic content and radical scavenging activity of 45.2 ± 1.1 mg-gallic acid equiv./g-stem and 0.308 ± 0.022 mmolvitamin C equiv./g-stem, respectively.
Introduction
Rice straw is very abundant and is considered an agricultural waste (Dominguez-Escriba and Parcar, 2010; Kadam et al., 2000) . Many applications of rice straw have been investigated; however, the amount of rice straw utilized remains very low compared to the worldwide annual production. The three major components of rice straw are cellulose, hemicellulose, and lignin, which are considered to contain promising substances (Lawther et al., 1996) . Due to the hydrogen bonds between the glucose molecules of cellulose and the covalent bonds in lignin, rice stem is only slightly soluble in water at ambient temperature (Xiao et al., 2001) . At high temperatures (100℃ to 374℃), water can maintain its liquid state under pressurized conditions, and is called subcritical water or compressed hot water. The ion product of subcritical water increases to over 1 × 10 3 fold greater than that of water at room temperature (Marshall and Franck, 1981; Wagner and Pruß, 2002) . Due to high concentrations of hydroxium and hydroperoxide ions, subcritical water has the ability to hydrolyze hemicellulose, lignin, and the amorphous part of cellulose. Another feature is its low dielectric constant, which can be adjusted by controlling the temperature. The dielectric constant of water decreases from 80 at ambient temperature to 27 at 250℃. The dielectric constant of subcritical water matches that of ethanol or acetone at room temperature. With these features, water under subcritical conditions can liberate phenolic compounds, which are bonded to the carbohydrate backbone (Bobleter, 1994; Kumar et al., 2010) . Chiou et al. (2012) reported that a subcritical water/ethanol mixture could more effectively extract protein, carbohydrate, and phenolic compounds from defatted rice bran than subcritical water or ethanol alone. The addition of ethanol enhances extraction efficiency because constituents with different polarities in the extract are obtained by the ethanol and water (Durling et al., 2007; Richter et al., 1996) . Other advantages of ethanol are that it is inexpensive, easy to remove, and has low toxicity. Additionally, in the subcritical state, the surface tension and viscosity of water and ethanol decrease with increasing temperature. The decrease in the surface tension permits the constituents to more easily dissolve in the solvent, while the decrease in viscosity allows the solvent to penetrate into the stem matrix (Kumar et al., 2010; Richter et al., 1996) . Based on these reasons, a mixture of water and ethanol was used as an extractant in this study.
The effects of treatment temperature and ethanol content in the extractant on the properties of the rice stem extract were investigated. Rice stem without leaves was selected as the sample subjected to subcritical water/ethanol treatment, because the rice stem has a higher yield, total carbohydrate content, and phenolic content than the rice leaf (Tangkhavanich et al., 2012) . The aim of this study is the optimization µL) was placed in a test tube and mixed with 400 µL of freshly prepared Folin-Ciocalteu's reagent and 1 mL of 75 g/L sodium carbonate (Iqbal et al., 2005; Singleton and Rossi, 1965) . The mixture was then filled to 5 mL with distilled water and kept in the dark at room temperature for 2 h to complete the reaction. Absorbance at 765 nm was measured. The total phenolic content was compared with that of gallic acid and expressed as the gallic acid equivalent (mg-gallic acid/g-straw).
Radical-scavenging activity A mixture of 4 mL of diluted rice stem extract and 1 mL of 0.5 mmol/L DPPH in ethanol was placed in a black tube. The solution was mixed well and kept at room temperature for 20 min. Absorbance at 516 nm was measured to estimate the remaining radical quantity. The radical scavenging activity as a percentage was calculated as follows (Fujinami et al., 2001) :
where A is the initial absorbance of the control, B is the absorbance of the diluted sample or standard solution, and C is the absorbance of the diluted extract or standard solution without the DPPH solution. The radical scavenging activity of a stem extract was defined as the amount of extract necessary to reduce the initial DPPH concentration by 50%. L-Ascorbic acid was used as the standard. The results were expressed as mmol-VC equiv./g-straw.
HPLC analysis of extract The extracts obtained from the first repetition were analyzed using an LC-10AD HPLC (Shimadzu) equipped with a Hydrosphere C18 column (3 mm i.d. × 150 mm; YMC, Kyoto, Japan), a guard column (10 mm i.d. × 30 mm; YMC), and an SPD-10A UV detector (Shimadzu). The 100-fold diluted extract (20 µL) was applied to the column and eluted at 0.3 mL/min in the gradient mode. Distilled water was employed as the eluent from 0 to 10 min. From 10 to 60 min, the methanol concentration in the eluent linearly increased from 0% to 100% and was maintained at 100% from 60 to 80 min. The elution profile was monitored by absorbance at 280 nm.
UV-Vis absorption spectra The stem extracts of the first repetition were diluted with distilled water to attain an absorbance of less than unity for both UV and visible measurements. The absorbance of the extracts was then measured from 200 to 500 nm.
Statistical analysis All the experiments were conducted in triplicate. The obtained results were analyzed for means, standard deviations, and correlations using Microsoft ® Excel 2010.
Results and Discussion
Effects of treatment temperature and ethanol concentraof extraction conditions in terms of yield, carbohydrate content, and the content of phenolic compounds from rice stem.
Materials and Methods
Materials Rice straw (Oryza sativa) cultivated in the Hyogo Prefecture of Japan was used as the sample. The rice straw sample was kept at 4℃ in a storage room after drying in the sun. The rice stem was separated from the rice straw and cut into 1-cm long pieces. l-Ascorbic acid (abbreviated VC; purity > 99.5%) was purchased from Nacalai Tesque (Kyoto, Japan). Gallic acid was from Sigma-Aldrich Japan (Tokyo, Japan). Folin-Ciocalteu's phenol reagent was from ICN Biochemicals (Aurora, OH, USA). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) and all other chemicals of reagent grade were from Wako Pure Chemical Industries (Osaka, Japan). Distilled water was used in all the experiments.
Subcritical water/ethanol treatment A 117-mL SUS-316 stainless steel vessel (30 mm i.d. × 165.5 mm) assembled by Taiatsu Techno (Osaka, Japan) was used as the extraction vessel. Five g of rice stem and 55 mL of water, ethanol, or a mixture of the two were added to the vessel. The vessel was tightly closed and heated to the desired temperature using a mantle heater (200 W; Sogo Laboratory Glass Works, Kyoto, Japan). The temperature inside the vessel during treatments was measured by a thermocouple inserted into a tube installed in the vessel. The desired temperature was maintained for 5 min, exclusive of the heat-up time of 7℃/min. The vessel was placed in an ice bath to immediately cool the extract to room temperature after the treatment. To obtain the clarified extracts, the crude extracts were filtered through Advantec filter paper (No. 2; Toyo Roshi, Tokyo, Japan). The stem extracts were stored in a refrigerator at 4℃ until used for analysis.
Yield of extract After a 15-mL portion of the liquid stem extract was lyophilized using an FDU-1200 freeze-dryer (Tokyo Rikakikai, Tokyo, Japan), the lyophilized extracts were placed in a hot-air oven (DN 400; Yamato Scientific, Tokyo, Japan) at 105℃ for 3 h to ensure dryness. The extract yield was calculated by dividing the weight of the dry solid extract by that of the dry rice stem.
Total carbohydrate content The carbohydrate content of the stem extract was measured by the modified phenolsulfuric acid method (Dubois et al., 1956) . A 1-mL diluted extract or glucose standard solution was added to a 25 µL aliquot of 80% (w/w) aqueous phenol solution and 2.5 mL of sulfuric acid and mixed well. The mixture was kept at room temperature for 10 min and then placed in a 30℃ water bath for another 10 min. Absorbance at 490 nm was measured using a UV-1200 spectrophotometer (Shimadzu, Kyoto, Japan).
Total phenolic content The diluted stem extract (100 tion on the properties of extracts Figure 1a and 1b shows the yields and carbohydrate contents of the extracts obtained using extractants of different ethanol concentrations. The yield and carbohydrate content of the extract demonstrated a similar tendency. One of the reasons for this similarity is that the major source of carbohydrates in the extracts is hemicellulose, and that the rice straw consists of approximately 24% hemicellulose (Kadam et al., 2000) . At 170℃, the yield and carbohydrate content were constant until 50% (v/v) ethanol, decreasing slightly thereafter. The yield and carbohydrate content linearly decreased with the increasing ethanol concentration at 200℃. According to our previous study, the majority of decomposition of the rice stem cell wall occurred at the treatment temperature (Tangkhavanich et al., 2012) . This decrease suggests that the extraction efficiency of subcritical water may be disrupted by the increasing ethanol concentration. When treated at 230℃, the yield and carbohydrate content increased until 50% (v/v) ethanol and then drastically decreased. Under subcritical water conditions, it was reported that the degradation reactions occurred more rapidly at the higher temperature (Khajavi et al., 2005; Wiboonsirikul et al., 2007) . The subcritical 50% (v/v) ethanol at 230℃ might be the point at which the extraction efficiency and carbohydrate degradation are balanced. This indicates that the increase in yield and total carbohydrate content would be due to the presence of water, while ethanol reduces degradation of the extracted carbohydrates. When the solvent contained more ethanol, a higher treatment temperature was needed in order to achieve the maximum yield. This may be related to the presence of water in the system, in which the higher ion product of water would be required to disrupt the rice stem cell wall structure through hydrolysis. The decrease in the water fraction would result in a decreased ion product. Thus, the higher treatment temperature was necessary to increase the ionization constant of water. This could also be the reason for the lower yields and carbohydrate contents of the extracts obtained using subcritical ethanol than those of the extracts obtained using subcritical water and the ethanol/ water mixtures at any treatment temperature. At the lower treatment temperature of 170℃, the ethanol concentration did not significantly affect the phenolic content of the extracts (Fig. 1c) . This may be because cell wall disruption did not significantly occur at this temperature. However, at the higher temperatures, the phenolic content increased with increasing ethanol concentration up to 75%. This increase might be because the main source of the phenolic compounds in vascular plants is lignin, which crosslinks to cellulose and hemicellulose to form the cell wall structure (Sarkanen and Ludwig, 1971) . At elevated temperatures, disruption of the cell wall occurred and subsequently released the phenolic substances from the cell wall into the extract (Wiboonsirikul et al., 2007) . The total phenolic content of the extract treated with a subcritical ethanol/water mixture was higher than that with subcritical water or ethanol alone. The highest total phenolic content was achieved with rice stem treated with the subcritical 75% (v/v) ethanol/ water mixture at 230℃. The polarity of a solvent plays an important role in the extraction process. Ethanol is less polar than water (Rohrschneider, 1973; Snyder, 1974) , and phenolic compounds more readily dissolve in a less polar solvent (Lapornik et al., 2005) . Additionally, decomposition of the cellular structure also occurs during subcritical water treatment (Savage et al., 1999; Wiboonsirikul et al., 2007) , and this would permit an extractant to easily access the inner phenolic compounds. Solubility of phenolic compounds is higher in a mixed subcritical solvent than in subcritical water; therefore, the use of a mixture was advantageous for improving extraction efficiency.
The plots of total carbohydrate content and yield gave three straight lines (Fig. 2) ; one for the extracts obtained at 170℃ (R 2 = 0.96), and the others for those obtained at 200℃ dicating the different chemical compositions of the extracts. The UV-Vis spectra of the extracts obtained using subcritical water and a subcritical 25% (v/v) ethanol/water mixture showed absorption maxima at about 280 nm and a small shoulder at about 220 nm. The spectra of the extracts obtained using the subcritical 50% and 75% (v/v) ethanol/water mixtures and subcritical ethanol showed almost the same tendency, i.e., a plateau around 240 − 260 nm. Absorbances at 200 to 500 nm of the extracts obtained using the subcritical 50% and 75% (v/v) ethanol/water mixtures were higher than that obtained using subcritical ethanol. The absorbance at 280 nm suggests the presence of phenolic compounds, which may be derived from lignin (Morrison, 1971; Sun et al., 2010) . The lower absorbance around 250 nm indicates non-lignin materials, such as the decomposition products of carbohydrates and other extractives (Xiao et al., 2001) . Effects of treatment temperature and ethanol concentration on the radical scavenging activities of extracts Many reports have related the radical scavenging activity of plant extracts to their phenolic components (Garrote et al., 2004; Liyana-Pathirana and Shahidi, 2006; Tangkhavanich et al., 2012; Wiboonsirikul et al., 2007) . In this study, the radical scavenging activity of the extracts also showed a high correlation (R 2 = 0.97) to their total phenolic content (Fig. 4) .
Similar to the total phenolic content, the radical scavenging activity of the extract also increased with increasing treatment temperature; the highest radical scavenging activity of 0.3 mmol-VC equiv./g-stem was obtained when the rice stem was treated with a subcritical 75% (v/v) water/ethanol mixture at 230℃. The plots of the radical scavenging activi- With increasing treatment temperature, the lines became steeper, suggesting that the degradation of carbohydrate compounds occurred more rapidly. UV-Vis absorption spectra The UV-Vis spectra of the extracts showed that the extracts obtained using different concentrations of ethanol gave different spectra (Fig. 3) , in-The minor peaks that appeared around 40 − 70 min in the subcritical ethanol extract differed from those of the extracts obtained using the subcritical 50% and 75% (v/v) water/ ethanol mixtures. This indicates another reason for the lower radical scavenging activity of the subcritical ethanol extracts.
Conclusions
Treatment temperature and ethanol concentration affected the properties of the rice stem extract. The yield and total carbohydrate content increased with increasing treatment temperature and ethanol concentration up to 75% (v/v). The higher treatment temperature also provided the extracts with a higher total phenolic content and radical scavenging activity. The ethanol concentration had only a slight effect on the quantity of the extracted phenolic compounds, but did affect the type of phenolic compounds dissolved in the subcritical fluids.
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